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ABSTRACT 
 
A low cost, high accuracy method is described in detail for measuring image 
placement in integrated circuit manufacture. The method measures both the overlay 
between levels and the absolute placement of features in a single level. The overlay is 
measured by a technique which views multiple levels separately. The absolute distances 
between features on a test wafer are measured by comparing the features to precision 
gratings. Optical imaging techniques are described for viewing and analyzing the grating 
images, as well as for measuring distortions in the observing microscope and a video 
camera. These techniques permit image placement measurements to be made to an 
accuracy limited by that of available gratings, at present about 2 nm. In addition they 
were applied to a prototype encoder system, demonstrating the potential improvement in 
commercial encoders by a factor of more than 100. 
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CHAPTER 1 INTRODUCTION 
 
1.1 Importance of Overlay Measurements and Image Placement 
  
Alignment is the process of adjusting alignment marks on different integrated circuit 
(IC) levels so that they are in proper relative position for printing. The specific 
measurement of feature position from one photolithographic level relative to another is 
referred to as overlay metrology [1, 2]. The measurement of overlay entails the 
determination of the centerline (position) of one target, from an underlying lithographic 
level relative to a second target in the upper lithographic level. Image placement is the 
positioning of features. The template or mask will require precise image placement in 
order to meet overlay specifications for multiple level device fabrication. It is very much 
desired to measure the accuracy of image placement in IC, as well as the overlay between 
two levels printed on the same wafer. Such measurements yield information not only 
about alignment, but also about wafer, mask, and imaging distortions.  
As devices shrink and the smallest features in ICs continue to decrease, process 
control and measurement of critical dimension linewidths and the accurate overlay of 
features become increasingly important. In 2006 the required wafer overlay control has 
been tighten to 13nm, in 2009 it is expected to be 9nm and in 2012 it is expected to be 
only 6.4nm [3]. Improved manufacturing control over level to level registration has a 
direct effect on device speed and yield. In addition, overlay metrology saves subsequent 
process steps that would be built on a faulty foundation in case of an alignment error. 
Overlay metrology provides the information that is necessary to correct the alignment of 
step and repeat cameras and thereby minimize overlay error on subsequent wafers. 
Moreover, overlay errors detected on a given wafer after exposing and developing the 
photoresist can be corrected by removing the photoresist and repeating the lithography 
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step on a corrected stepper-scanner. If overlay error is measured, e.g., after the etch step 
that typically follows resist development, it can be used to "scrap" severely mis-
processed wafers, or to adjust process parameters for better performance on subsequent 
wafers [4].  
Overlay metrology is now recognized by the International Technology Roadmap for 
Semiconductors (ITRS) as one of the key metrology areas needed for improvement to 
maintain the historic pace of increasing device speeds and manufacturing economies of 
scale [5].  
It is important to recognize that several different elements contribute to a measured 
overlay offset. Since one is measuring a feature set written on the silicon wafer at one 
level relative to a second set of features written with a second mask and often a different 
stepper at the second level, one must consider several different contributing factors. The 
photolithographic stepper may contribute errors from the photomask load and alignment 
system, stepper lens distortions, illumination inhomogeneity, wafer misalignment and 
stepping inaccuracy, stepper focus repeatability and others. The photomask itself also 
contributes a set of errors due to fiducial and alignment mark inaccuracy as well as errors 
due to photomask writing and feature placement. Since photomasks are usually written in 
sectors or fields, there are both intra and interfield errors. Additionally, there are process-
related aspects to consider such as asymmetric metal deposition, photoresist non-
uniformity and actual target asymmetry resulting in an ill-defined feature position [6, 7]. 
This is not a comprehensive list, but rather an outline of the typical types of errors which 
either contribute to or confound the measurement of overlay offsets. In addition to the 
component causes of the physical overlay offsets, there are errors in the overlay 
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measurement process itself [8]. These errors contribute an uncertainty to the overlay 
offset values and consume a portion of the total metrology uncertainty budget.  
Overlay offset measurements can be particularly challenging since one must 
determine the relative position of two targets to better than 5nm uncertainty when the 
targets may be separated by several centimeters horizontally and more than two 
micrometers in vertical height or when one target is buried under a one micrometer thick 
covering layer. There are additional targets which present formidable measurement 
challenges such as post-chemical mechanical polishing (CMP) process structures which 
have very little contrast or metal levels that have significant grain structure [5]. Overlay 
for on-chip interconnect will continue to be challenging. The low-κ materials used as 
insulators will continue to make overlay more difficult especially as porous low κ move 
into manufacturing [3].  
Future overlay metrology requirements along with problems caused by low contrast 
levels, will drive the development of new optical or SEM methods along with scanning 
probe microscopy (SPM). The need for new target structures has been suggested as a 
means of overcoming the issues associated with phase shift mask and optical proximity 
mask alignment errors not detectable with traditional targets.  
The dramatic tightening of the overlay budget up to 20% [or 25%] of the device half-
pitch, required for advanced applications in DRAM and NVM, calls for a faster 
introduction of alternative measuring solutions, like high-voltage SEM and scatterometry 
techniques, which are still far from being mature enough today, and may require 
breakthroughs also in metrology integration [3]. 
The smallest features in integrated circuits currently in production are less than 100 
nm wide, and their width is decreasing exponentially at the rate of about a factor of 2 
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every 6 years [9]. The feature sizes are lithography-related Characteristics by Product. 
For DRAM, in 2006 the half pitch linewidth is 70nm, in 2009 it is expected to be 50nm, 
and in 2012 it is expected to be 36nm [10]. These features must be positioned to an 
accuracy of about 1/3 of their width on the wafer. For mask itself, the required image 
placement precision in 2006 is 0.8nm. The expected precision in 2009 and 2012 will be 
0.5nm and 0.4nm respectively. Precise control over feature placement is essential to 
ensure that features properly align to one another as complicated multi-level thin film 
stacks are fabricated [11]. An important step in this manufacturing process is the 
monitoring of the relative feature placement and subsequent feedback to the 
photolithographic stepper to maintain feature placement accuracy to within acceptable 
tolerances [5].  
A wide range of effects influences image placement accuracy, e.g., errors in 
generation of the original pattern, process induced distortions, and errors in the patterning 
process, such as lens distortions. The industry carefully monitors each of these effects, to 
an accuracy which is now about 10 nm, and which is similarly exponentially decreasing. 
However, the accuracy cannot match the requirements set by ITRS. The tools currently 
used to measure image placement cost several million dollars, and require carefully 
controlled environments for their operation [12]. 
Microscopy is used in most of the core technology processes where two-dimensional 
distributions, that are digital images of the shape and appearance of IC features, reveal 
important information. Usually, imaging is the first, but many times the only step in the 
“being able to see it, measure it, and control it” chain. Microscopes typically employ 
light, electron beam, or scanned probe methods. Beyond imaging, online microscopy 
applications include critical dimension (CD), alignment, overlay measurements and 
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image placement measurements along with detection, review, and automatic 
classification of defects and particles. Because of the high value and quantity of wafers, 
the need for rapid, non-destructive, inline imaging and measurement is growing. Due to 
the changing aspect ratios of IC features, besides the traditional lateral feature size (for 
example, linewidth measurement) full three-dimensional shape measurements are gaining 
importance and should be available inline. Development of new metrology methods that 
use and take the full advantage of advanced digital image processing and analysis 
techniques, telepresence, and networked measurement tools will be needed to meet the 
requirements of near future IC technologies. Microscopy techniques and measurements 
based on them must serve the technologists better giving fast, detailed, adequate 
information on the processes in ways that help to establish process control in a more 
automated manner [3]. 
1.2 Strategy 
There are two aspects to the problem: 
1) Relative positional accuracy. In some applications overlay between successive 
levels in an integrated circuit needs to be measured throughout the chip. These 
measurements are difficult to make if the patterns overlap each other, since one pattern 
may obscure parts of the other. In addition, the presence of an edge in one pattern may 
produce an error in the location of a nearby edge in the other pattern. The problem is 
exacerbated if the measurements are automated, since the measuring tool must then make 
decisions about which pattern it is viewing. 
2) Absolute positional accuracy. This is required for measuring lithographic tool 
performance, e.g., distortions in an optical projection lens, or writing errors in an e-beam 
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exposure tool. Commercially available coordinate measuring systems are large and 
expensive, and require state of the art interferometrically controlled stages [13]. 
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CHAPTER 2 COMTEMPORY WORK 
Prior overlay metrology methods use built-in test patterns etched or otherwise 
formed into or on the various layers during the same plurality of lithography steps that 
form the patterns for circuit elements on the wafer. One typical pattern, called "box-in-
box" consists of two concentric squares, formed on a lower and an upper layer, 
respectively. "Bar-in-bar" is a similar pattern with just the edges of the "boxes" 
demarcated, and broken into disjoint line segments. The outer bars are associated with 
one layer and the inner bars with another. Typically one is the upper pattern and the other 
is the lower pattern, e.g., outer bars on a lower layer, and inner bars on the top. However, 
with advanced processes the topographies are complex and not truly planar so the 
designations "upper" and "lower" are ambiguous. Typically they correspond to later and 
earlier in the process. There are other patterns used for overlay metrology. The squares or 
bars are fabricated at the same time as other pattern features. Currently, the vast majority 
of patterns for overlay metrology are written on lithography masks and projected onto the 
wafer. However, other methods for putting the patterns on the wafer are possible, e.g., 
direct electron beam writing from computer memory, etc. [4]. 
The Notre Dame Nanofabrication Facility (NDNF) has improved the layer-to-
layer overlay alignment accuracy considerably by the use of a digital framestore which 
effectively magnifies the alignment marks, and have achieved extremely high alignment 
accuracies. They showed a tunnel junction with an area of about 30 by 30 square 
nanometers fabricated by the alignment of one metal line against another on subsequent 
processing and metallization steps [14].  
Nikon’s commercially available overlay measurement systems provide automatic 
measurement of overlay with high speed and repeatability of less-than or equal to 2nm 
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(3σ) through precision measurement of Nikon's exclusive wedge-shaped focus 
management marks (NSR Focus Marks) [15].  
Alignment between two or more patterned levels has recently been measured to 
high accuracy using a metrology target comprising substantially overlapping or adjacent 
diffraction gratings formed in a test area of the layers being tested [16] . An optical 
instrument illuminates the target area and measures the optical response. The instrument 
measures transmission, reflectance, and/or ellipsometric parameters as a function of 
wavelength, polar angle of incidence, azimuthal angle of incidence, and/or polarization of 
the illumination and detected light. Overlay error or offset between those levels 
containing the test gratings is determined by a processor programmed to calculate an 
optical response for a set of parameters that include overlay error, using a model that 
accounts for diffraction by the gratings and interaction of the gratings with each others' 
diffracted field. The model parameters may also take account of manufactured 
asymmetries. The calculation may involve interpolation of pre-computed entries from a 
database accessible to the processor. The calculated and measured responses are 
iteratively compared and the model parameters changed to minimize the difference [4].  
Okuma Corporation (Aichi, JP) reported an absolute position measurement with 
diffraction grating windows and spot position detection. The absolute position encoder 
consists of a light source for emitting parallel coherent light beams and a scale with a 
grating window track. The grating windows are organized in such a manner that at least 
one of the grating windows is included in the range of the parallel light beams emitted 
from the light source. Each of the grating windows includes a diffraction grating, a beam 
spot position detecting means and reading means. The diffraction grating diffracts the 
light beam at a specific angle, direction or intensity. The beam spot position detector 
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receives the light beam and converts the position of the beam spot into an electrical 
signal. And the reading means reads and output the absolute position of the scale in 
accordance with the electrical signal [17].   
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CHAPTER 3 RESEARCH GOALS 
The goal of this research is to demonstrate the measurement of overlay between 
levels and absolute image placement within a level with high accuracy and low cost. The 
motivation is to meet the increasingly critical needs of the integrated circuit fabrication 
industry. A related technique is used to obtain absolute distance measurements in a linear 
encoder. It is shown how an accurate grating, and a few other components, in a 
conventional microscope can replace an interferometer in patterning and metrology 
applications. This research is broken down into the following subtasks.  
1) Measurement of the overlay between features patterned on two different levels 
by printing both levels on a transparent substrate. Methods of patterning were explored 
that permit optical separation of the two levels so they can be viewed independently. 
2) Demonstration of a prototype linear encoder system in which a diffraction 
grating was imaged with a very high depth of focus by one or more coherent laser beams. 
The beams interfere, forming fringe patterns. The fringes, or an enlarged image of the 
fringes, formed by a microscope, may be projected onto a second grating or gratings for 
comparison and absolute distance measurements.  
3) Use of the techniques developed in part 1) and part 2) to measure absolute 
distances between features on a test wafer by replacing the bottom level with a diffraction 
grating (or gratings). Consequently, measurements of the top level with respect to the 
grating provide an absolute measurement of the placement of its features, to an accuracy 
limited by the accuracy of the diffraction grating (the present state of the art is about 2 
nm, 3 σ over extended areas [18, 19]).  Individual features may be located with respect to 
specific grating lines, and the distance between features can be measured by counting the 
grating lines between them. Two dimensional registrations on grids can be realized by 
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two face to face stacked gratings aligned perpendicular to each other, or by a single two 
dimensional grating, such as a checkerboard.  
To accomplish the tasks above, materials selection, chemical preparation, sample 
fabrication, apparatus setup, data collection, processing and analysis need to be carefully 
controlled.  
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CHAPTER 4 CHEMICALS  
The goal of separately viewing different layers for overlay measurement as well 
as absolute position measurement places constraint on the photoresist used in the 
experiments. The photoresist is required to be made highly visible in one wavelength of 
light while transparent in another wavelength.   
4.1 PMMA Photoresist Preparation 
We chose the very well known Polymethyl methacrylate (PMMA) resist, which 
has low cost, has high resolution and is compatible with many other materials in IC 
fabrication.  The source of PMMA we chose was commercial Plexiglas, which is 
somewhat inferior to resist grade PMMA in that it has a broader distribution of molecular 
weight. However preliminary experiments have shown that its performance is adequate 
for our purposes. A dye that strongly absorbs blue light but is transparent to red light was 
added to the PMMA resist. The dye chosen was Coumarin 314 [20], the properties of 
which will be described in more detail in the next section. Toluene was used as a solvent 
to dissolve both the shredded PMMA pieces and the coumarin dye [21].  Toluene was 
chosen because it is non-toxic and not very volatile. Alternatively, chlorinated 
hydrocarbons, such as methyl chloroform (1,1,1-trichloroethane) or dioxane could also be 
used.   
The PMMA resist was prepared by dissolving Plexiglas chips in toluene until a 
relative thick “resist-looking” liquid was obtained or until the saturation limit was 
reached. Then, the coumarin dye was added into the PMMA resist until the whole 
solution was bright yellow. The reverse of the sequence of the two steps is also 
acceptable.  However, the higher cost of the coumarin dye ($80/500mg from Sigma-
Aldrich Corporation) compared to the PMMA strips made starting the chemical 
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preparation with PMMA preferable because process failure caused by contamination, 
precipitation and other reasons is possible.  
4.2 Properties of the Dye     
The chemical structure of coumarin 314 dye is shown in Fig. 4.1. 
                                                                                        
Figure 4.1 The chemical structure of Coumarin 314 dye. 
 
The peak absorption of the dye is at a wavelength of 436nm. The absorption 
properties of the dye are summarized in Table 1. Also included in Table 4.1 are the 
central and cutoff wavelengths of interference filters [22] used to define the illumination 
wavelength bands. 
Table 4.1 Absorption in the coumarin dye and transmission through the interference 
filters as a function of wavelength. Reprinted with permission from L. Jiang and M. 
Feldman, "Technique for Separately Viewing Multiple Levels," J.   Vac. Sci. Technol. B 
22(6), Nov/Dec 2004 pp. 3405-3408. Copyright 2004, AVS The Science & Technology 
Society. 
 
 Short Wavelength Peak Response Long Wavelength  Cutoff  
Coumarin Dye 50% of peak at 407 nm 436 nm 50% of peak at 453 nm 490 nm 
Red Filter 30% at 560 nm 60% at 600 nm 30% at 640 nm  
Blue Filter 30% at 410 nm 60% at 450 nm 30% at 490 nm  
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4.3 Chemical Reaction Tests 
 
Since the dyed PMMA resist was to be spin-coated on a transparent substrate, 
such as glass or a thin plastic sheet supporting the grating, and exposed to x-rays through 
a mask and developed, chemical compatibility tests between the different materials are 
necessary to justify the feasibility of chemical selection and fabrication process.  Four 
preliminary experiments were made as described in the following paragraphs.  
First experiment:  A glass slide was spin-coated with dyed PMMA resist, exposed 
with x-rays, annealed in an oven at 110 °C to anneal the color contents formed in the 
glass  by the x-rays, developed in GG developer, and rinsed in GG rinse.  
Result of the first experiment: the pattern was transferred from the mask; 
however, the coumarin dye in the unexposed area was washed away by the GG 
developer.    
Second experiment: The plastic grating sheet [23] (70 µm thickness) was spin-
coated with clear PMMA resist, soaked in dyed toluene solvent afterwards and rinsed in 
acetone. 
Result of the second experiment: The coated PMMA resist was dissolved by the 
dyed toluene solvent. After soaking, the dye covered both the area with PMMA and the 
area without it and was completely washed away by the acetone. 
Third experiment: The grating sheet was spin-coated with clear PMMA resist, 
baked at a relatively low temperature (60 °C), then soaked in dyed toluene solvent and 
baked again at the same temperature for 5-10 minutes. It was rinsed in acetone for 5 
minutes. 
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Result of the third experiment: The coated PMMA resist was dissolved by the 
dyed toluene solvent to a small degree. The dye covered both the area with PMMA and 
the area without it. The dye was not washed off at all by the acetone rinse.  
Fourth experiment: The grating sheet was spin-coated with dyed PMMA resist, 
and baked at a relatively low temperature (60 °C) for 5-10 minutes. It was then soaked in 
GG developer extensively and rinsed in GG rinse. 
Result of the fourth experiment:  The dye as well as the PMMA resist was not 
washed off at all and stayed as deposited after being rinsed extensively in GG developer 
and GG rinse. Compared to the first experiment, a low temperature baking process was 
added before developing. The baking process evaporated the solvent and kept the dye in 
place. High baking temperature was avoided to prevent PMMA reflow.   
The results of the first two experiments were undesirable since the dye in the 
unexposed PMMA resist area failed to remain throughout the fabrication processes. The 
result of the third experiment was also unwanted since the dye remained in both the 
exposed and unexposed PMMA resist area. The fourth experiment demonstrated  a useful 
procedure provided the baked and exposed dyed PMMA can be developed by GG 
developer.  As the same time, no evidence of chemical damage to the holographic grating 
sheet was found.  
4.4 SU-8 Photoresist  
In order to make use of the most commonly available exposure source such as 
conventional near UV (350-400nm) radiation instead of X-ray or E-beam for process 
convenience, SU-8 resist was tried to replace PMMA resist. SU-8 formulation 2 resist 
was chosen for its low viscosity so high resolution features could be patterned. The 
commercial SU-8 formulations 2 resist [24] was doped with coumarin 314 dye 
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successfully. The sample fabrication process on 3”x 2” optical slide substrates was as 
following:  
(1) Substrate pretreat (start with an Acetone solvent cleaning, followed by a DI 
water rinse; to dehydrate the surface, bake at 200 °C for 5 minutes on a hotplate);  
(2) Spin coat at 2500 rpm spin speed (firstly static dispense, secondly spread 
cycle, ramp to 500 rpm at 100 rpm/second acceleration and finally spin cycle, ramp to 
2500 rpm at an acceleration of 300 rpm/second and hold for a total of 30 seconds); 
(3) Soft bake ( two step contact hot plate process: pre-bake at 65 °C for 1 minute 
and soft bake at 95°C for 3 minutes); 
(4) Exposure (in contact mode for 30 seconds); 
(5) Post exposure bake (two step contact hot plate process: bake at 65 °C for 1 
minute and at 95°C for 1 minute); 
(6) Develop (immersion process in SU-8 developer at room temperature with 
slight agitation for 1 minute); 
(7) Rinse and dry (the substrate is rinsed briefly with isopropyl alcohol (IPA), 
then dried with a gentle stream of nitrogen).  
The pattern has been fabricated successfully. However, much of the dye inside the 
SU-8 resist was washed out after developing and rinse. Therefore, SU-8 resist is excluded 
as an alternative for the PMMA resist unless a way is discovered to keep the dye inside 
the SU-8 resist. In addition, the SU-8 patterns appeared brighter under reflected top light 
illumination in the immersion microscope objective, due to mismatch between the index 
of refraction of the SU-8 resist, immersion oil and the glass substrate. The index of 
refraction of SU-8 resist is 1.67 and the index of immersion oil as well as glass used in 
the experiment is about 1.5. If the immersion oil is replaced to match resist index, then no 
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pattern but uniform reflection from the glass would be observed. In contrast to the SU-8 
resist, the index of refraction of the PMMA resist is about 1.5 and matches the index of 
refraction of the immersion oil and glass used in the experiment. The dyed PMMA resist 
appeared darker under reflected top light illumination in the immersion microscope 
objective, due to strong absorption of blue light in the coumarin dye (The detail of the 
effect will be discussed in chapter 5.2).  
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CHAPTER 5 OVERLAY MEASUREMENT 
5.1 Sample Fabrication 
The two levels to be compared were patterned on a single transparent substrate 
(Fig. 5.1). The first level was defined directly on the substrate in thin metal. The metal 
used here, about 100Å of aluminum, was sufficiently thin to be partially transparent. 
After patterning, the first level was covered with a thicker intermediate or buffer metal 
layer, about 300Å  of aluminum. This intermediate layer was also somewhat transparent. 
The second level was defined in 300 nm thick PMMA resist spin coated on the 
intermediate layer from a toluene solvent. The toluene solution also contained the 
Coumarin dye discussed in chapter 4.2 [13]. 
              
                
Figure 5.1 Fabrication process. The bottom layer on the transparent substrate is the 
patterned thin metal layer and the gray color is the intermediate metal layer.  
 
5.2 Technique Demonstration and Results 
The sample was viewed first in transmission through a red interference filter [22] 
by a microscope with a 100 X immersion objective [25]. The image was viewed with a 
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video camera, and captured with frame grabbing software [26]. The sample was then 
viewed in reflected light, through a blue interference filter [22], and that frame was also 
grabbed. Apart from changing the illumination no changes were made to the microscope 
setup (Fig. 5.2). 
The intermediate metal layer had significant absorption, but sufficient light passed 
through it in transmission to form a high contrast image of the underlying metal pattern. 
The dyed PMMA was completely transparent to red light (Table 1), and its index of 
refraction (n=1.50) very nearly matches that of the immersion fluid (n = 1.52). 
Consequently, under illumination in transmission in red light the pattern in the PMMA 
was virtually invisible (Fig. 5.2), but the pattern in the metal level was well defined. 
Under top lighting in blue light the intermediate metal layer is highly reflective 
while the dyed PMMA is highly absorbing. This produced a high contrast image of the 
second level, which was also captured with frame grabbing software (Fig. 5.2). In 
addition, the intermediate level was sufficiently absorbing so that only a small fraction of 
the light passed through it to its bottom surface and was reflected back through it to the 
microscope objective. Consequently, the only evidence of the first level in reflected light 
results from the slightly higher reflectivity of the intermediate metal where it lies over the 
bottom patterned metal. (In the present experiment, not done under clean room 
conditions, a reduction in particulate contamination was also observed where the metal 
was patterned). Even this faint image may be removed. Since the first level contains only 
the metal pattern, a small fraction of its intensity may be added, on a pixel by pixel basis, 
to the intensity of the second level.  This produces an image of the resist that is almost 
entirely free of artifacts from the bottom metal level (Fig. 5.3). 
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Figure 5.2 Overlay measurements between levels. Left. Configuration in an immersion 
microscope to view superimposed images separately. Right. Images of the same field 
(100X objective) in blue light (top) and red light (bottom). The two images have been 
almost completely separated, permitting accurate measurements to be made without one 
level obscuring the other. Reprinted with permission from L. Jiang and M. Feldman, 
"Technique for Separately Viewing Multiple Levels," J.   Vac. Sci. Technol. B 22(6), 
Nov/Dec 2004 pp. 3405-3408. Copyright 2004, AVS The Science & Technology Society. 
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Figure 5.3 Image of the top dyed PMMA level, taken in reflection in blue light (top), to 
which 12% of the bottom layer image has been added (bottom). The bottom layer is now 
virtually invisible (bottom). Reprinted with permission from L. Jiang and M. Feldman, 
"Technique for Separately Viewing Multiple Levels," J.   Vac. Sci. Technol. B 22(6), 
Nov/Dec 2004 pp. 3405-3408. Copyright 2004, AVS The Science & Technology Society. 
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5.3 Discussion 
Because there is no motion between grabbing the two frames, the captured images 
have exactly the same overlay as on the transparent wafer. The accuracy with which this 
overlay can be measured is limited only by the optical performance of the microscope. In 
particular, the presence of one level does not interfere with the measurement of the other 
level. The location of the centroid of a feature may be determined to far better than the 
optical resolution, and special test features, e.g., gratings, can be located better still. 
Consequently, this method provides a relatively simple way of determining the overlay 
between two levels to an extremely high accuracy. 
The measurements reported here were made sequentially, with a single camera 
viewing first one and then the other pattern. If desired, the patterns may also be viewed 
simultaneously, and on-line, by detecting them separately. Since they are obtained at 
different wavelengths this arrangement is equivalent to a color video system in which 
only two colors are used. If a commercial color camera is used, it obviously should have 
full resolution in both color channels. 
In principle, more than one top level may be patterned, with each level patterned 
in resist loaded with dyes that absorb at different wavelengths. Such an approach would 
require planarization to ensure that each level is patterned on a flat surface. The 
combined thickness of several levels could well exceed the depth of focus of the 
microscope. However, either chromatic objectives [27] or totally separate channels for 
the different wavelengths, could be used to obtain sharp focus at each level. 
 
 
 23
CHAPTER 6 OPTICAL IMAGING TECHNIQUES FOR VIEWING THE 
GRATING 
 
Precision gratings are used both to obtain absolute distance measurements in an 
encoder as well as the absolute distances between features on a test wafer in image 
placement measurements. In this chapter, different optical imaging techniques for 
viewing the gratings will be discussed and compared.  
6.1 Incoherent Illumination Imaging 
The grating may be viewed in reflection or transmission in incoherent 
illumination in both dry and immersion microscopes with different visible wavelengths, 
e.g., white light, red light (effective wavelength: 560 – 640 nm) and blue light (effective 
wavelength: 410 – 490 nm).  Image resolution and depth of focus (DOF) are given by 
equation (1) and (2). 
                                       Resolution = 
NA2
λ                                                             (1) 
                                       DOF = 22NA
λ                                                                    (2)  
where λ is the wavelength of the light and NA is the numerical aperture of the 
microscope objective. For NA ≈ 1, resolution ≈ 
2
λ . 
6.2 Coherent Illumination Imaging 
The grating may be viewed in reflected or transmitted coherent illumination, e.g., 
in He-Ne laser light or solid state laser light under the different conditions specified 
below. 
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6.2.1 Talbot Imaging 
 
With a collimated monochromatic source, the Talbot effect produces a series of 
multiple images spaced at separations S (the Talbot distance) λ/2d= , where d is the 
period of the grating, and λ is the wavelength of the light (Fig. 6.1).  For example, with 
d=1.0µm, λ=0.633µm, S =1.6µm. In principle this permits the use of much larger gaps, an 
important practical consideration. However, the separation between the grating and 
pattern has to be controlled to equal the Talbot distance S or an integral number of Talbot 
distances.  If the stage motion is not strictly confined to the x-y plane, the microscope 
could form an image with an inverted tone (a 180º phase shift) of the grating, very 
possibly leading to miscounting the grating lines. In principle, a sufficiently accurate 
horizontal stage movement is possible but at much greater cost. 
The depth of focus at any of the Talbot images is derived as below: 
Assuming resolution = d/2, then  
the effective NA = 
dresolution
λλ =•2 ; DOF = 22 2
S
NA
=λ , at this point 180° phase shift 
in the image.  
So at any of these images, at most  
                                               DOF =
4
S±  λ4
2d±=                                                   (3) 
For He-Ne laser light with a wavelength of 633 nm and a grating period of 1µm, 
the DOF is 0.4µm.  
In addition coherent illumination is notoriously sensitive to artifacts arising from 
dust or imperfections in the grating. These artifacts are likely to distort the Talbot images, 
leading to errors in the position of the pattern.  
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Figure 6.1 The Talbot effect produces a series of multiple images of gratings spaced at 
separations, λ/2dS =  below the microscope. They are imaged at separations M S2 , 
where M is the magnification of the microscope.  
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6.2.2 Spatial Filtering 
 
A very large depth of focus for a diffraction grating, comparable to the width of 
the illuminating beam may be achieved by blocking the zero order light of a collimated 
beam, for example by a stop in the microscope objective. This is desirable because it 
removes the requirement that the pattern to be measured lie exactly on a Talbot image. In 
addition this technique effectively halves the period of the grating, improving 
interpolation of features between grating lines (Fig. 6.2), so that, for example, the image 
of a 1 µm period grating appears to be that of a 0.5 µm period grating.  
However, the spatial filtering may also degrade the pattern image. In addition, as 
described above, the artifacts that arise from coherent illumination distort these grating 
images as well. However, it is possible to preserve some of the advantages of spatial 
filtering with illumination that has, e.g., a modest range of wavelengths and angles. This 
leads to a trade-off between the depth of focus and the degree to which coherent artifacts 
distort the image. 
6.2.3 Oblique Illumination 
 
6.2.3.1 Theory 
 
In this arrangement, either one laser beam is incident at an oblique angle or two 
laser beams are incident at complimentary angles on the bottom of the grating (Fig 6.3).  
In the one beam case, the angle is set so that the incident zero order and the first 
diffracted order of the beam are symmetrical about the perpendicular center line. Under 
these conditions, a first order beam is also diffracted back, towards the light source. This 
angle of incidence is known as the Littrow angle (θ L ). For the two complimentary laser 
beam case, the angles of the laser beams are chosen so that the first diffracted order of  
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Figure 6.2 Blocking the zero-order to obtain a large DOF and double the frequency of the 
grating image.  
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one beam coincides with the zero order of the other beam. This arrangement is an 
example of the oblique illumination routinely used to enhance resolution in repetitive 
integrated circuit patterns, and a grating is an ideal subject for this application.  
Figs. 6.4 plots an incident beam at angle θ and the diffracted beams at angles θ’, 
φ, and ω in air. 
 
 
             
 
 
 
 
 
 
 
Figure 6.3 One side oblique illumination (left) and both sides oblique illumination (right)  
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(a) 
                                             
(b) 
                                              
(c) 
Figure 6.4 The angle of incidence is θ (a) The angle of 1st order diffracted beam is θ’. 
(b) The angle of 2nd order diffracted beam is φ. The ± 1st orders are not shown for 
clarity. (c) The angle of -1st order diffracted beam is ω. The 1st and 2nd orders are not 
shown for clarity.  
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The diffraction equations are: 
                                           λ = d (sin θ + sin θ’)                                                      (4) 
                                          2λ = d (sin θ + sin φ)                                                      (5) 
                                          λ = d (sin ω – sin θ)                                                        (6) 
In Fig. 6.4b and c, if the incident angle θ equals to the Littrow angle θ L , then 
                                           λ=2d (sin θ L )                                                                (7)                         
                                          2λ = d (sin θ L + sin φ)                                                    (8) 
                                           λ = d (sin ω – sin θ L )                                                    (9)                  
Put sin θ L = λ/2d into equation (8) and (9), the 2
nd order diffraction angle φ equals 
to the -1st order diffraction angle ω. 
Table 6.1 calculated diffraction angles under vertical illumination and Littrow 
oblique illumination for different grating periods at a wavelength λ=0.633µm.  
The effect of the oblique illumination is to effectively double the NA of the 
microscope, permitting imaging of gratings with half the smallest period that could 
otherwise be imaged. For a grating under illumination perpendicular to its plane, the 
smallest period that can be imaged by a lens with a given NA is 
 
 
                                                         
sin NA
P λθ
λ ==                                             (10) 
 
but the smallest period that can be imaged by a lens illuminated at the Littrow angle is 
 
       
NA
P
2
λ=                                                          (11) 
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Table 6.1 The relationships between the grating periods, the 1st order diffracted angle β 
under vertical illumination, the 2nd order diffracted angle φ and -1st order diffracted angle 
ω under Littrow angle oblique illumination at a wavelength of 0.633µm. 
                          
Grating period 
d (µm) 
 β (vertical 
incident angle) 
(degrees) 
θ L  (Littrow 
incident angle) 
(degrees) 
φ = ω (degrees) 
0    
0.05    
0.1    
0.15    
0.2    
0.25    
0.3    
0.35  64.69  
0.4  52.28  
0.45  44.68  
0.5  39.26  
0.55  35.12  
0.6  31.83  
0.65 76.79 29.13  
0.7 64.69 26.87  
0.75 57.54 24.95  
0.8 52.28 23.30  
0.85 48.11 21.85  
0.9 44.68 20.58  
0.95 41.77 19.45 87.65 
1 39.26 18.45 71.66 
1.05 37.06 17.54 64.69 
1.1 35.12 16.72 59.64 
1.15 33.38 15.97 55.63 
1.2 31.83 15.29 52.28 
1.25 30.41 14.66 49.41 
1.3 29.13 14.09 46.90 
1.35 27.95 13.55 44.68 
1.4 26.87 13.06 42.69 
1.45 25.88 12.60 40.89 
1.5 24.95 12.18 39.26 
 
 
Alternatively, for Littrow illumination the microscope may be viewed as 
redirecting the zero and first order beams so that they overlap at a much shallower angle, 
producing widely spaced fringes. In the case of two beam illumination, the two laser 
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sources need to be incoherent with each other, an easy requirement to meet if they come 
from different lasers, and the grating period should be small enough that only the zero 
and first orders propagate through the microscope objective. The transmitted zero and 
first order beams interfere to produce fringes above the grating. They are in a fixed 
position with respect to the grating, and because they exist wherever the beams overlap 
the microscope has an enormous depth of focus. Under these conditions the depth of 
focus is as large as when the zero order is blocked, on the order of millimeters, 
simplifying stage motion, but not affecting the imaging of the pattern to be measured.  
This method has the disadvantage that the contrast of the fringes is somewhat 
limited by the diffraction efficiency of the grating. More seriously, diffractive artifacts 
degrade the fringe pattern. 
6.2.3.2 Coherent Illumination at Different Incident Angles 
The discussion below is limited to a linear grating of pitch 1.1µm at a wavelength 
of 0.633µm coherent illumination. The order of interference; λ: wavelength of the 
illumination; d: period of the grating 
(1)  Vertical illumination (Fig. 6.5)   
λ = d (sin β), where β is the angle of ± 1st order diffraction.  
Sinβ = 0.575; β = 35.13° 
In order to collect the first order of the diffraction light, the numerical aperture 
(NA) must be > 0.575. 
(2) Oblique illumination at θ L  (Fig.6.6). 
λ=2d (sin θ L ) 
Sin θ L  = 0.2877; θ L  = 16.72° 
 33
The NA must be > 0.2877 to collect the 0 order and 1st order of the diffraction 
light.  
2λ = d (sin θ L  + sin φ) 
φ = 59.6448°, sin φ = 0.863. 
NA must be < 0.863 to exclude the 2nd order and – 1st order of the diffracted light.  
(3) If the light is incident at a compound angle, the diffracted beams no longer lie 
in a plane with the zero order beam. However, the angular extent, x’, is less than x in case 
(2) above. This consideration may be relevant for simultaneous diffraction in orthogonal 
directions, as with crossed gratings (Fig. 6.7), to control which diffracted beams enter the 
microscope (Fig. 6.8).  
             Fig. 6.9 shows the two-dimensional diffraction pattern of two crossed gratings by 
2 oblique illumination beams which are incoherent to each other.  
           To have an image of a linear grating with a large depth of focus without relying on 
the Talbot effect, two and only two coherent diffraction beams should be collected at one 
time by the microscope objective. Similarly, for a large depth of focus with two crossed 
gratings, two and only two coherent diffraction beams should be collected by the 
microscope objective for each direction. From Table 2 and Fig. 6.9, to have only two 
coherent diffracted beams of two crossed 1.1µm peirod gratings collected by the 
objective, sin 16.72<NA<sin 35.12 (0.29<NA<0.58) is required. To collect one one-
dimensional image at a time (Fig. 6.10), the 2 incident beams may be turned on 
alternately.  
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Figure 6.5 Schematic diagram of grating and vertical incident laser beam (a) top view (b) 
side view and (c) diffraction pattern 
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Figure 6.6 Schematic diagram of grating and one side oblique incident laser beam (a) top 
view (b) side view and (c) diffraction pattern 
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Figure 6.7 (a) Checkerboard grating; (b) Two crossed gratings facing each other. 
 
 
 37
 
 
 
 
 
                    
       
 
 
 
 
                       
 
 
 
                        (a)                                                                         (b) 
 
 
 
 
        
                    
 
 
 
 
 
 
 
 
 
 
 
(c)                                                                          (d)  
 
 
 
 
 
 
Figure 6.8 Schematic diagram of grating and incident laser beam at a compound angle (a) 
top view (b) diffraction pattern of (a); (c) top view of the other side oblique illumination; 
(d) diffraction pattern of (c).  
 
 
 
 
x’ 
 38
 
 
                            
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.9 The two-dimensional diffraction pattern of two crossed gratings under two 
oblique illumination beams.  Closed circles are the diffraction pattern of one oblique 
incident beam over two crossed gratings; open circles are the diffraction pattern of the 
other oblique incident beam over two crossed gratings. The larger circles are the 0 order 
beams. Only the beams within the dashed circle are used. 
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(a) 
 
                                     
(b) 
 
                                    
(c) 
 
Figure 6.10 Oblique illumination of 1.1µm period 2-D gratings with a 0.5 NA microscope 
objective. Interference images of the gratings from (a) left oblique incident beam (b) top 
oblique incident beam. (c) 700µm defocus of (a).   
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6.2.4 Two Oblique Coherent Beams Intersect Far from the Grating 
6.2.4.1 Theory 
The disadvantages of oblique illumination, limited may be overcome by using two 
parallel coherent beams, separated by some space, e.g., a few millimeters apart; and 
preferably with adjustable relative intensities. In the following context of chapter 6.2.4, 
two oblique coherent beams will mean two parallel beams which are coherent with each 
other. The beams may easily be generated, for example, by multiple reflections within an 
optical flat, one side of which has both reflective and clear areas, and the other side of 
which is partly reflective.  The beams strike different areas of the grating so that the first 
order diffracted light from one beam interferes with the zero order light from the other 
beam. By matching the relative intensities in the beams to the diffraction efficiency the 
intensities of the interfering beams can be made nearly equal, and the resulting fringes 
will have the maximum contrast. The details will be discussed in Chapter 9. If a solid 
state laser is used as the illumination source, the slight optical path difference between 
the two beams may need to be corrected since the coherence length of solid state lasers is 
only about 1 mm (refer to Appendix A).  
An additional advantage is that the formation of fringes far from the grating 
minimizes the effects of coherent artifacts, for example artifacts arising from dust or 
imperfections in the grating. In one sense, the artifacts are far out of focus; in another 
sense the beams have a chance to "heal" and form plane waves after interacting with 
artifacts on the grating. Fig. 6.11 illustrates the difference in imaging between one 
oblique beam diffraction and two oblique coherent beam diffraction.    
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Figure 6.11 Oblique illumination of coherent light (a) the zero order light from one 
incident beam with a diameter of about a millimeter interferes with the first order 
diffracted light  near the grating surface (b) two parallel coherent laser beams with 
diameter of about a millimeter produce beams which overlap and interfere at some 
distance from the grating surface. The interference fringes are effectively an image of the 
grating. The dashed lines indicate the nominal image plane, but the depth of focus is 
comparable to the width of the incident laser beams. Some additional diffraction orders 
have been omitted for clarity.  
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Although the beams interfere above the grating, typically several millimeters 
above it, they are locked into a fixed position relative to the grating. They are sensitive to 
translations of the grating along the grating direction, but not to translations in either of 
the other two directions (perpendicular to the grating in its plane, or normal to that plane).  
Nor are they particularly sensitive to rotations about any of the three axes. In addition, 
they retain the advantages of imaging small period gratings and an enormous depth of 
focus. 
6.2.4.2 Experimental Results  
Fig. 6.12 shows the high contrast fringe patterns that were formed by two 
coherent beam oblique illumination. 
                           
 
Figure 6.12 The high contrast image of 1.1µm pitch grating viewed under 50x objective 
with two parallel coherent beam oblique illumination in transmission. Note the lack of 
coherent artifacts.  
 
Gratings having periods of a 1.1 and 0.56 µm have been studied with two 
coherent beam oblique illumination. The gratings were imaged onto an NTSC format 
video camera with an Olympus microscope, and frames were “grabbed” for later analysis. 
The 0.56 µm period grating was successfully imaged at the lowest NA used, 0.6, in 
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oblique and two coherent beam oblique illumination, even though the illuminating 
wavelength, 0.633µm, was larger than the period of the grating. The particular 0.56 µm 
grating that was used in these experiments was manufactured for use as a reflection 
grating, and was not intended for use in transmission.  The aluminum overcoat was 
removed from the grating so that it could be used in transmission.  However, the substrate 
underlying the aluminum was highly textured.  The “de-coated” grating was barely 
visible in white light with the 100X air objective (Fig. 6.13b). Nevertheless, even in this 
extreme case, two coherent beam oblique illumination produced satisfactory high contrast 
images (Fig. 6.13a). Because the two parallel laser beams overlapped (interfere) at some 
distance from the grating surface, the uneven epoxy layer underneath the grating was out 
of focus. The diffractive artifacts caused by the epoxy layer were largely avoided. In 
other words, the disturbance of the wave front caused by defects was “healed” at some 
distance away and clean plane waves were restored at the plane. 
The extent to which the fringe pattern produced by a 1.1µm grating under two 
coherent beam oblique illumination was vertical was determined by defocusing the 100 X 
objective ± 100 microns, and observing the resulting shift in the video signal. Although 
no special effort was made to produce vertical fringes, the observed shift was only ± 0.1 
µm. This result indicated that the fringes were vertical to within 1 thousandth of radian; 
i.e., a change of focus of 1 µm corresponded to a shift of only 1 nm.  It is a measure of 
the mechanical quality of the microscope which was used that the image position 
remained stable over this range of focus. Apart from a change in intensity as the 
overlapping beams moved out of the field of view, no appreciable change was observed 
in the image formed by the fringes (Fig. 6.14). 
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                                                                (a) 
                      
                                                              (b) 
 
 
 
Figure 6.13 (a) Image of a 0.56µm pitch grating with two coherent beam oblique 
illumination at a wavelength of 0.633µm. A 100X immersion objective (NA=1.3) was 
used, with 6 mm of glass between the grating and the image plane.  (b) Image of the same 
field of view with white light in transmission. A 100X air objective was used (NA=0.9). 
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                            (a)                                       
  
                         (b)                                               
 
                                                                 (c) 
Figure 6.14 The fringe pattern of a 1.1µm pitch grating under two coherent beam oblique 
illumination (a) by a 100X air objective, (b) by defocusing the 100X air objective plus 
100 microns, (c) by defocusing the 100X air objective minus 100 microns. 
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6.3 Summary of Illumination Methods and Properties 
Table 6.2 Comparison of the different illumination methods and the advantages and 
disadvantages of each method, including the resolution, contrast, period of the image, 
working distance, depth of focus and sensitivity to artifacts. 
 
  Light 
Source 
Image 
Resolution
Image 
Contrast
Period of the 
Image (before 
magnification)
Working 
Distance
Depth 
of 
Focus 
(DOF) 
Sensitivity 
to 
Artifacts 
Proximity 
Imaging 
Collimated 
/quasi 
collimated, 
incoherent 
Variable  Variable Same as 
grating 
Small Small Low 
Projection 
Imaging 
Incoherent Good Fair Same as 
grating 
Large Small Low 
Talbot 
Imaging 
Coherent Good High Same as 
grating 
Large Multiple 
images 
and 
DOF of 
each 
image is 
small 
High 
Spatial 
Filtering 
Coherent Good High Half of 
grating 
Large Large High 
Oblique 
Imaging 
Coherent Good Low Same as 
grating 
Large Large High 
Two 
Coherent 
Beam 
Oblique 
Imaging 
Coherent Good High Same as 
grating 
Large Large Low 
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CHAPTER 7 ANALYSIS OF THE GRATING IMAGE 
The grating image has both repeating and non-repeating components, and the 
repeating components may be represented by a Fourier series. The purpose of the analysis 
is to find the phase of the fundamental frequency in this Fourier series, because that 
contains the information of where the grating is in the video image. A typical analysis of 
the grating image is as follows. 
The grating was viewed under an Olympus microscope [25] in transmitted 
coherent light or reflected incoherent light. The video image of the grating was captured 
by frame grabber software [26]. The frame pixel resolution was 640 x 480. A MATLAB 
program (refer to Appendix C) extracted the value of intensity of each pixel in the frame. 
The data consisted of a matrix of 640 columns and 480 rows.  Then the program averaged 
the data over all pixels in each column.  The plot of the averaged data (ideally a 
sinusoidal wave) was irregular due to artifacts in the image (Fig. 7.1a). To eliminate the 
artifacts, both normalization and high pass filtering processing were applied to the initial 
averaged data.   
The steps of the normalization processing are as follows (Fig 7.1b): 
1) Compute the standard deviation of the data over an integral number of periods of 
the sinusoidal wave, e.g., 2 periods, surrounding each data point.  
2) Compute the average standard deviation for all data points. 
3) Divide each initial data point by its standard deviation, and then multiply it by the 
average standard deviation.  
Normalization corrects varying signal strength. 
The steps of high pass filtering processing are as follows (Fig. 7.1c): 
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1) Compute the average of the initial data over an integral number of periods, e.g., 2 
periods surrounding each data point. 
2) Compute the average of all the data. 
3) Compute the difference between the initial data and step 1 and add step 2 to the 
difference (add baseline).  
High pass filtering removes slowly varying background level.  
Both normalization over 2 periods and filtering were applied to the data. Somewhat 
better results were obtained if the filtering was performed before the normalization (Fig. 
7.1d, 7.1e). 
The processed video signal from the grating (Fig. 7.1e) was subtracted from a 
generated ideal sine wave, and the phase of the ideal sine wave was adjusted to minimize 
the residuals (refer to Appendices C for the MATLAB program). The phase 
corresponding to the minimum standard deviation of the residuals was defined as the 
phase of the grating image.  
The units of the phase, standard deviation and error may be expressed in radians 
or nanometers. The conversion between the two units, for the 1.1 µm period gratings: 
1 radian = 1100 nm / (2π) = 175.07 nm  
A few variations on the analysis of the grating image occurred for specific 
applications, e.g.,  matching a position dependent, phase varied ideal sine wave to the 
processed grating video signal for the analysis of the microscope optics and camera (refer 
to Chapter 8.2).  
The accuracy of locating the grating was measured by dividing the data into 4 
subsets, each consisting of every 4th scan line (The data of subset I included rows 1, 5, 9, 
…,477; subset II included rows 2, 6, 10,…,478; subset III included rows 3, 7, 11, …,479; 
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             (e)  
Figure 7.1 (a) The plot of the initial data; (b) The plot after normalization alone; (c) The 
plot after filtering alone (d) The plot after normalization then filtering; (e) The plot after 
filtering then normalization.   
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subset IV included rows 4, 8, 12, …,480). Because the observed distortions varied slowly 
over the video field, each subset provided an equivalent sample of the data. A sine wave 
was independently fit to each subset and the optimal phase was determined. The process 
was also performed on different sub-areas of the grating. An example is shown below. 
Sample result:  
The phase values for 4 interlaced rows were 74.56, 74.56, 74.25, 74.25 (nm) 
respectively. The standard deviation of the subsets and hence the standard deviation of all 
the data was 0.18 nm, equivalent to an error of 0.09 nm.  
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CHAPTER 8 ANALYSIS OF THE MICROSCOPE OPTICS AND CAMERA 
The phase of the best-fit sine wave was observed to vary by the equivalent of 
many nanometers at different locations within the video frame of the grating. This 
variation was similar, but significantly different, for different microscope objectives. It is 
believed to arise from optical distortion within the microscope, and possibly also from 
distortion within the camera. The variation in image position in the field of view with the 
wavelength of illumination was also analyzed for chromatic aberration in the optics.  
Images of a 1.1µm grating were taken under reflected incoherent illumination in 
the microscope. A thin layer of aluminum was deposited on top of the grating to enhance 
reflection and frames were taken with illumination of different wavelengths (blue, red 
and white). The image positions within the video frame were analyzed as described in 
Chapter 7. The aluminizing increased the contrast of the image significantly (Fig. 8.1). 
Consequently, the video signal of the aluminized grating image was much smoother than 
the ones without aluminum deposition. Nevertheless, the high pass filtering and 
normalizing processes described in Chapter 7 were used to improve the data still further.  
8.1 Vertical Variation in Image Position 
 
A vertical variation in image position was expected, since the grating could not be 
set exactly parallel to the vertical direction in the camera. To find the position variation in 
the vertical direction, the frame was divided into several parts from top to bottom and the 
best-fit phase value for each part was computed.  
8.1.1 Sample Data 
The image positions in the vertical direction with different wavelength 
illumination were compared (Fig. 8.2).  
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Figure 8.1 Images of the grating under top reflected white light illumination (a) without 
aluminum coating and (b) with aluminum coating. 
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Figure 8.2 Comparison of the image positions in vertical direction of the frame with 
different wavelengths.  
 
The image positions with: 
Blue light = 74.86 ± 25.68 nm; 
Red light = 66.23 ± 25.29 nm; 
White light = 114.13 ± 24.79 nm, where σ is the standard deviation of the data. 
Slope of the difference in image positions between: 
Blue to red = -2.3nm/µm; 
Blue to white 1 = -5.2nm/µm.  
8.1.2 Discussion 
The deviation of the image positions was largely due to misalignment of the 
grating to the vertical direction in the camera. However, the fits are slightly curved, 
which shows there are more complex distortions, which will be measured in Chapter 8.2. 
The shape of the distortion from the top to the bottom of the frame was reproducible with 
different wavelengths.  The difference of image positions with different wavelengths was 
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likely caused by lateral chromatic aberration of the optics, which will be discussed in 
Chapter 8.3. That the phase under white light did not fall between blue and red could 
arise from the microscope instability, which will be discussed in Chapter 8.4. Also, 
“white” may be mostly infrared. 
8.2 MARKET Plot 
To map more complex distortions, the frame was evenly divided into 20 subfields 
(4 divisions in the vertical direction and 5 divisions in the horizontal direction). The 
image position in each section was measured and displayed in a MARKET plot (Fig. 
8.3). The location of the grating in each subfield was calculated using the method in 
Chapter 7.  
Discussion: 
This plot shows distortion only along the x axis; in principle, the grating could be 
rotated 90 degrees and the process repeated to obtain distortion along the y axis.  
 As shown in Fig. 8.3, the phase of the best-fit sine wave varied at different 
locations within the video frame of the grating. To extract the maximum positional 
information from the entire field of view, the phase of the sine wave generated should 
vary across the field of view. The method used to generate a position dependent, phase 
varied sine wave was to fit a 4th power polynomial 432 exdxcxbxay ++++= , to the 
phase values at each subfield. An example of the computation is given in Appendix B.  
However, the error, 0.38 nm, for the measurement of distance between features 
(refer to Chapter 10), is already smaller than the best available gratings so for the time 
being this error may be ignored. It is important to note that for measuring distances 
between features, the distortion does not affect the measurement if the features are always 
centered in the same location of the field of view. The stage is intended to move from 
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Figure 8.3 The MARKET plot (Matrix of 4 by 5) with blue light illumination. 
 
 
feature to feature, so they could all be measured in the same place. However, if the 
features are measured in different locations, appropriate compensation should be made 
for the optical/camera distortion. 
8.3 Lateral Chromatic Aberration  
 
8.3.1 Theory 
 
The index of refraction of glass varies as a function of wavelength; it is generally 
higher for blue than for red. An uncorrected single lens, therefore, has different focal 
lengths for different colors: blue light comes to a focus closer to the lens than red light. 
The horizontal distance between the two images is called longitudinal chromatic 
aberration. 
The images produced by different colors are also of different sizes; they have 
different transverse (lateral) magnifications. That is called lateral chromatic aberration. 
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µm 
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An image formed in the blue focus is closer to the lens and smaller; at the red focus it is 
farther away and larger [28]. Although chromatic correction has been applied to the 
microscope optics, it must operate over the entire visible spectrum and is necessarily only 
approximate. The residual errors are large enough to produce significant effects. 
8.3.2 Measurement 
Frames at the same location of the grating were compared at different 
wavelengths (Fig. 8.4, 8.5). The effective wavelengths were 410-490 nm for the blue 
light and 560-640 nm for the red light.  
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Figure 8.4 Distortion across field at different wavelengths. 
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Figure 8.5 Difference in distortion between different wavelengths. 
 
A linear plot implies a difference in magnification at the different wavelengths.  
The difference in magnification between red and blue light is also shown in a 
MARKET plot (Fig. 8.6). 
 
 
Figure 8.6 MARKET plots (4 by 5) under blue light and red light illumination. 
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Discussion:  
In addition to the distortion errors already discussed, there are significant 
differences in magnification at different wavelengths. The images at different 
wavelengths are centered in the field of view. For this microscope the magnification was 
largest in red light and smallest in blue; white light was intermediate. The effects are 
large compared to the error of the estimation, about 1.5 nm, and can not be ignored if 
more than one wavelength is used, for example, to locate a feature viewed in blue light 
with respect to a grating viewed in red light. The amount of magnification error is 
approximately proportional to the distance between two features in the same field of 
view. However, the correction may be minimized by measuring all features at the same 
location in the field of view.  
8.4 Microscope Stability 
 
Frames of the same location of the grating under white light were taken at 
intervals of a few seconds and compared. The stability of the microscope was found by 
computing how the sample moved with time.   
The MARKET plot (Fig. 8.7) for two of the frames showed that microscope 
moved in the transverse direction and no indication of rotation took place. It also shows 
that the distortion arising from the optics/camera is reproducible.  
Discussion: 
 
Microscope instability will not affect the measurement of distance between 
features if the features to be measured are in the same field of view.  
Microscope instability will cause an offset in the measurement of distance 
between features if the features to be measured are in different fields of view. However, 
if the features and gratings are captured simultaneously by a color camera and no relative 
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displacement between the features and the gratings during frame capturing, microscope 
instability does not matter. 
 
 
 
 
 
 
 
Figure 8.7 Market plots (4 by 5) for two frames, taken a few seconds apart under white 
light illumination 
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CHAPTER 9 COUNTING GRATING LINES WITH HIGH ACCURACY 
It is necessary in encoder applications, as well as for measuring extended 
distances between features on a test wafer, to be able to count the grating lines. This 
capability was demonstrated in an experimental arrangement which was also used to 
obtain video images when the grating stopped moving. The counting was highly 
reproducible, so that no lines were lost, and there was no ambiguity about which line was 
where in the field of view.  
9.1 Theory 
 
In order to keep track of the position of a moving grating (grating A), light (either 
coherent or incoherent) is passed through the grating and imaged on to a split photodiode 
(Fig. 9.1). Ronchi gratings [29] (grating B) with the same period as the image of grating 
A are placed in front of each half of the split photodiode. This generates nearly sinusoidal 
signals as grating A is scanned. These signals are amplified, discriminated, and counted, 
to determine the number of lines by which grating A has been moved. 
Because there is a 90o spatial phase shift between the gratings in grating B, there 
is a 90o temporal phase shift between the signals from the two halves of the split 
photodiode. The temporal phase shift changes sign when the direction of scan is reversed. 
This is used to maintain an algebraic sum of the grating lines after Grating A has been 
scanned in both directions, e.g., the grating line count is increased when a transition in 
the bottom signal occurs during a positive value of the top signal, and is decreased when 
it occurs during a negative value.  
9.2 Preliminary Experiments 
For widely separated features the grating lines between them may be counted in a 
manner analogous to counting grid lines on a linear encoder. A sketch of the apparatus is 
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Figure 9.1 View of the split photodiode. The Ronchi gratings in front of each half form 
Moire fringes with the magnified image of the grating, generating a time varying signal 
as the image is scanned either left or right. Reprinted with permission from L. Jiang and 
M. Feldman, "Portable Coordinate Measuring Tool," J. Vac. Sci. Technol. B 23(6), 
Nov/Dec 2005 pp. 3056-3060. Copyright 2005, AVS The Science & Technology Society. 
 
shown in Fig. 9.2. A preliminary experiment demonstrated the ability to monitor the 
motion of an extended 2 µm period diffraction grating. Light at 633 nm from a HeNe 
laser passed through the grating and was imaged by the microscope on to a split 
photodiode in addition to being imaged on a video camera. An aperture stop in the 
microscope blocked the zero order beam, halving the effective period of the grating and 
enormously increasing the depth of focus. Ronchi gratings with the same period as the 
image of the diffraction grating were placed in front of each half of the split photodiode. 
They generated nearly sinusoidal signals as the diffraction grating was scanned across the 
split photodiodes by a motor driven micrometer stage. These signals were amplified (Fig. 
9.3), discriminated, and counted, by counting the transitions in which the bottom signal 
goes from a negative to a positive value to determine the number of lines by which the 
diffraction grating has been moved (Fig. 9.4). The fine magnification was adjusted 
through a 2X continuous zoom on the microscope.   
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Figure 9.2 Sketch of preliminary experiment apparatus setup for grating line counting; 
the left side shows the front view of the photodiode. The eyepiece of the microscope was 
extended so that the image of the diffraction grating had the same period as the Ronchi 
grating placed in front of the split photodiode.   
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Figure 9.3 AC coupled amplifier circuit for signals from split photodiode.  
 
 
 
 
 
 
 
 
 
Figure 9.4 Signals from the split photodiode, used to count grating lines. One photodiode 
(top traces) leads for forward stage motion (left), but lags for reverse motion (right), 
enabling up-down counts. Reprinted with permission from L. Jiang and M. Feldman, 
"Portable Coordinate Measuring Tool," J. Vac. Sci. Technol. B 23(6), Nov/Dec 2005 pp. 
3056-3060. Copyright 2005, AVS The Science & Technology Society.   
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9.3 Advanced Optical Setup 
 In the new grating counting setup, two parallel oblique coherent beams were 
applied as described in Chapter 6.2.4 to get a clean interference grating image with a 
large depth of focus. A high precision horizontal stage was obtained by rotating a 
microscope (Microscope A) 90° and using the fine focus movement in the horizontal 
plane. As in the preliminary experiment described in Chapter 9.2, the signals from the 
split photodiode were amplified, processed and output to a digital counter.  
9.3.1 Determination of Absolute Stage Position 
An optical detection system was constructed to provide an absolute position 
measurement of the high precision horizontal stage (Microscope A) movement. The 
system used an off-center beam reflecting from a mirror (Fig. 9.5).  
9.3.1.1 Theory of Operation 
The beam enters the microscope objective off center by a distance r, where R is 
the radius of the input aperture of the objective. It is deflected by an angle θ, crosses the 
axis of the objective at the focal plane and is retroreflected back parallel to the optical 
axis. If the ray is reflected by  a mirror parallel to the focal plane and closer to (or further 
from) the objective by a distance d, then the reflected ray crosses the focal plane at a 
distance s (or –s) from the axis,  
s = 2d tan(θ ) = 2dr
f
                                                  (12) 
where f is the focal length of the microscope objective. If the ray shown in Fig. 9.5 is the 
chief ray of a parallel gaussian beam of radius w (not shown, for clarity), then a waist is 
formed at focus of radius w 0  where 
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    w 0  = w
f
π
λ                                                                  (13) 
The maximum permissible value of r is R-ω. But 
          
R
f
= tan(sin−1 NA)                                                     (14) 
where NA is the numerical aperture of the microscope objective.  
 
 
    
 
 
 
    
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9.5 A ray enters a microscope objective off center by a distance r. If the ray is 
reflected by  a mirror parallel to the focal plane and closer to (or further from) the 
objective by a distance d, then the reflected ray crosses the focal plane by a distance s (or 
–s) from the axis 
 
 For the greatest sensitivity to focus, it is desirable for s/wo to be as large as 
possible (Fig. 9.6a). Since the center of a focused spot can be located to much better than 
its radius, the effective sensitivity is much better than the parameter s/wo plotted in the 
Focal plane 
d 
s 
θ 
r
R
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figure. For the parameters of an available long working distance objective (NA=0.55, 
f=4mm, R=2.634mm) there is a broad maximum at a radius of the input laser beam of 
about 1.3 mm. The optimal s/wo is 1.08 when w= 1.35mm. However, there is an 
additional consideration: the depth of focus decreases rapidly with ω (Fig. 9.6b). At 
w= 1.35mm, the depth of focus is only 2.8µm, where NA=0.55 and R=2.6 mm. Refer to 
Appendices D for the calculation of s/wo and the depth of focus.   
                                    Depth of focus = 2
2
2w
fλ                                                     (15)             
Since a large depth of focus was desirable for data taking, a value of w, which 
provides large depth of focus and reasonably good sensitivity to focus (large value of 
s/wo) is desirable. Hence a value of w about 0.35mm was chosen.  At w = 0.35mm, s/wo 
=0.5 and the depth of focus is as large as 41µm. This enabled the reproducible 
determination of best focus to much better than 1 micron, as well as producing a very 
large operating range.  
9.3.1.2 Experiment 
The optical detection setup is shown in Fig. 9.7. A quarter wave plate replaced the 
eyepiece of microscope A.  
When the objective 1 of microscope A is focused on the mirror 1, the laser beam 
is projected as a focused spot on the screen S. This position of the microscope A is 
defined as the home position. The focus on mirror 1 is intentionally very non-telecentric. 
As objective 1 moves away from the focal position, the laser spot diameter on screen S 
increases and the center of the spot moves across the screen S. The location of the beam 
on the screen is a very strong function of the focus condition, and was used to provide a 
stable “home” position of the stage. 
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Figure 9.6 (a) The relationship of s/wo and w, where s is the distance of the reflected ray 
at the focal plane from the axis, w is the radius of the parallel Gaussian beam and wo is 
the radius of the beam waist. (b) The relationship of the depth of focus and the radius of 
the beam w.   
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     (a) 
 
        
                                                             (b) 
Figure 9.7 (a) Schematic diagram: the optical setup used to verify the stage movement 
accuracy. A beam from He-Ne laser 1 is incident on a polarizing beam splitter. The 
reflected beam is focused by microscope objective 1, passes through the quarter wave 
plate and reflected by mirror 1. The reflected beam returns through the quarter wave 
plate, is transmitted through the beam splitter, and is projected by microscope objective 2 
on to screen S. The red rays illustrate the input laser beams and the blue rays are the 
returned laser beams. (b) Photograph of the experimental setup. 
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9.3.2 High Accuracy Digital Stage 
9.3.2.1 Illumination Source of the Two Coherent Oblique Beams  
The optical train for the stage and counter accuracy verification was set in the 
horizontal plane. A second microscope (microscope B), which was used to magnify the 
grating image was set in the vertical plane.  
A telescope was used to focus a He-Ne laser beam at 0.633µm to a waist with 
about 1:1 imaging on a 1.1µm pitch grating (Fig. 9.8). 
The laser beam passed through a half mirror (a mirror with half of the reflective 
coating area removed) and split into two parallel coherent beams. One beam was 
reflected twice by the glass and aluminum reflective coating and the other beam was 
transmitted directly through the glass.  The intensity of the reflected beam was about 5% 
of the transmitted beam.  
The two parallel beams were reflected by two mirrors (not shown in Fig. 9.8a) 
and were incident on the grating at the Littrow angle. 
The two coherent beams diffracted and overlapped at the focal plane of a 50X 
long working distance objective of microscope B. The position of laser 2 and the angle of 
the half mirror could be altered to adjust the distance at which the two beams overlapped. 
The 0 order diffraction of the reflected beam interfered with the -1st order diffraction of 
the transmitted beam. The first order diffraction efficiency of the grating is about 5% of 
the zero order. Therefore, the two interfered beams had approximately equal intensity. 
The overlap region was adjusted to be at the focal plane of the objective of microscope B 
(Fig. 9.9a). The optical path lengths of the two beams were not exactly equal. However, 
the difference was just a few millimeters, and was well within the coherence length of the 
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laser source. The angles of mirror 2 and mirror 3 were used to adjust the position of the 
beams and set the incident angle to the Littrow angle (Fig. 9.9b).  
 
 
 
 
                                                             (a) 
 
                         
                                                            (b)                       
 
 
 
Figure 9.8 (a) Schematic diagram, not to scale:  the beam after being focused by objective 
3 was imaged at about 1:1 at the focal plane of microscope B (b) Photograph of the 
experimental setup: laser 2 at the lower right is imaged as two spots under microscope B 
whose objectives are visible in the upper left. 
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Figure 9.9 (a) The laser beam passes through a half mirror and is split into two parallel 
coherent beams. The first order diffraction of the strong beam has approximately the 
same intensity as the zero order diffraction of the weak beam. The two beams interfere 
above the grating surface. The refraction between different materials is omitted for 
clarity. (b) The setup of the two mirrors (mirror 2 and mirror 3) between the half mirror 
and the grating used to adjust the position and incident angle of the two coherent beams. 
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9.3.2.2 Circuits 
A block diagram of the detection circuitry is shown in Fig. 9.10. The circuit 
drawings of each block are shown in Fig. 9.11 to Fig. 9.15.  
 
Figure 9.10 DC coupled grating counting circuit block diagram. 
 
 
 
 
 
Figure 9.11 The circuit diagram of the first and second stage amplifiers used for both 
channels. Outputs 1 and 2 for channel 1 and 2 respectively. 
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Figure 9.12 Circuit diagrams of the Schmitt trigger comparators for channel 1 and 
channel 2.  
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In channel 2, a 100KΩ resistor at the non-inverting input was added and 
connected to the negative voltage supply because the DC level of output 2 was lower than 
that of output 1. The DC level difference between output 1 and output 2 was due to 
different input offset voltages of the TL082 Op-Amps.   
 
                   
 
 
 
 
 
Figure 9.13 Circuit diagram of the retriggable monostable multivibrators. Output 5 was 
triggered on the rising edge of output 3 and output 6 was triggered on the falling edge of 
output 3. Both circuits had output pulse lengths of about 0.3 msec. 
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Figure 9.14 Connection of the outputs of the Schmitt trigger comparators and the 
multivibrators with AND gates and digital counter.  
 
 
 
 
 
 
 
    
 
 
 
 
Figure 9.15 The outputs of AND gates signal were added to the camera video signal to 
the monitor display.  
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 The signals at each stage were monitored with a digital scope.  In addition, the 
grating interference image was viewed by a TV camera at approximately the same 
magnification as on the split photodiode. The live TV camera image was displayed on a 
black and white monitor and recorded by a video cassette recorder. The outputs from the 
AND gates that drive the counter were added to the video signal.  
9.3.2.3 Results 
 Each signal pulse from output 7 was displayed as a bright band on the monitor 
and the signal from output 8 was inverted and displayed as a dark band. (The durations of 
the pulses were set by the RC time constants of the 74LS123 and were about 0.3 msec.) 
Each signal pulse was generated as the grating moved one fringe.  When the counter 
counted up, the frame was marked with a bright band, and when it counted down the 
frame was marked with a dark band (Fig. 9.16). Since the stage motion and the camera 
were not in synchronism, the marks were all over the screen.  Every marked frame looked 
virtually the same, because the grating had moved in increments of exactly 1.1 microns.  
The counts recorded by the electronics measuring the grating position were 
compared with the position on the screen of the beam from laser 1 described in section 
9.3.1. The counter position of this beam was defined as the home position of the stage 
carrying the grating. The radius of the beam on the screen was w0 = 1.35 cm and position 
of the beam was measured with respect to the reading of the digital counter and plotted as 
in Fig. 9.17. Each time the image of the grating moved one period (1.1µm), the digital 
counter counted up or down by 1. The sign depended on the direction of the stage 
movement.   
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Figure 9.16 Frames captured from a video recording made while the grating stage was in 
motion. (a) Each time the counter counted up, the frame was marked with a bright band; 
the phases of the frames are the same. (b) Each time the counter counted down, the frame 
was marked with a dark band; again the phases are the same. 
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Figure 9.17 Beam position with respect to the counter reading. 
For a 1µm movement of the horizontal stage, the average of ∆s was 0.70 cm. The 
measured s/w0 was 0.52 when w of about 0.35 was chosen. The measured value was 
commensurate with the calculated value of s/w0 and w in Appendix D. 
Strings were wound on the horizontal stage focus knob and pulled by weights 
across a pulley to drive the heavily damped stage smoothly in either direction. The 
counter was set to zero at the home position. The stage was moved in either direction up 
to 110 um away at various velocities and returned to its home position for 13 consecutive 
times. The counter read zero every time the grating returned to the home position. In 
addition, a micron scale on the microscope stage that read its approximate position 
tracked reasonable well with the more accurate digital reading. Table 9.1 compares the 
counter and the stage micron scale reading.  
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Table 9.1 Recorded stage focus knob readings and counter readings. 
 
counter 
number 
distance 
1(µm) 
(counter x 
1.1) 
focus knob reading (µm) 
(difference of micrometer 
readings) difference (µm) 
50 55 57.5 -2.5 
-51 -56.1 -59.5 3.4 
-71 -78.1 -81 2.9 
-51 -56.1 -54.5 -1.6 
50 55 57.5 -2.5 
100 110 114.5 -4.5 
-51 -56.1 -55 -1.1 
-71 -78.1 -80 1.9 
-51 -56.1 -55 -1.1 
50 55 57.5 -2.5 
100 110 114.5 -4.5 
-51 -56.1 -57.5 1.4 
-71 -78.1 -80 1.9 
50 55 57.5 -2.5 
100 110 117.5 -7.5 
-51 -56.1 -59.5 3.4 
-71 -78.1 -82 3.9 
50 55 58.5 -3.5 
100 110 117.5 -7.5 
-51 -56.1 -59.5 3.4 
-71 -78.1 -82 3.9 
50 55 57.5 -2.5 
100 110 114.5 -4.5 
-51 -56.1 -57.5 1.4 
-71 -78.1 -80 1.9 
 
 
The following experiments tested both the counter’s ability to return to the non-
telecentric optical system’s home position and the digital counters ability to measure a 
known displacement. The counter was set to 0 when the beam was centered and in focus. 
A cover slip was inserted in front of mirror 1. With the cover slip in, the beam focus 
appeared closer as shown in Fig. 9.18. The beam focus was changed by  
                                             δ = (n-1)t/n                                                        (16) 
where n is the index of refraction of the cover slip and t is its thickness.  
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Figure 9.18 The beam focus appears closer through a cover slip. The intersection of the 
solid lines is the real focus; the intersection of the dashed lines is where the focus appears 
to be.  
 
For t = 170µm and n=1.58, the predicted δ=62.4µm. The stage was moved to 
refocus the beam and the counter read -57 at the new focus. The measured focus change 
from the counter was 57x1.1 = 62.7 um, the count of 57 grating lines was repeated as the 
cover slip was then taken out and put back in 5 times.  
An additional 5 trials were made by inserting 2 cover slips. Each time, the counter 
read 114 counts = 125.4µm, returning to 0 when the 2 cover slips were removed. 
The focus change was also measured with a microscope by focusing on particles 
on the top and the bottom of the cover slip respectively. The measured difference 
between the foci was 108±1 um, or 62µm less than the nominal thickness of the cover 
slip of 170µm.  
In all these cases the counter was completely reproducible, both in returning to the 
home position defined by an independent optical system as well as consistently reacting 
to the changing optical path due to the insertion of 1 or 2 cover slips. 
9.3.3 Summary of Experimental Results 
The lines in a 1.1 micron grating were successfully and reproducibly counted, 
following back-and-forth motion over a range of up to about 100 microns. The setup was 
 
n 
t 
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able to successfully and repeatedly return to the same initial grating line.  The grating 
lines were viewed simultaneously with a video camera for the purpose of unambiguously 
identifying the grating lines, and numerous frames were captured. Previous work showed 
that the position of an individual feature could be located to within a very small fraction 
of the 1.1 micron period. In addition the system repeatedly and reproducibly traveled 
back and forth over known distances of 62 and 124 microns, and digitally counted the 
grating lines without making a single mistake in the up-down count and unambiguously 
identifying lines on a video monitor. 
9.3.4 System Limits 
The accuracy of this type of system is limited by the accuracy of the diffraction 
grating. The present state of the art is about 2 nm, 3 σ over extended areas [18, 19].   
9.3.5 Application 
The technique of two coherent beam oblique illumination provides a very 
accurate method of measuring distance. It has the advantages of large working distance 
and insensitivity to coherence artifacts, both of importance to commercial encoders. The 
accuracy of commercially available encoders is typically ±0.1µm; the present method has 
been demonstrated to sub-nanometer precision, well over 100 times better. 
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CHAPTER 10 IMAGE PLACEMENT MEASUREMENT 
The absolute position of features within a top pattern may be measured by using a 
standard grid, or a grating, as the bottom pattern (Fig. 10.1). There are three factors that 
contribute to the accuracy of this kind of metrology system: 
1) The accuracy of the grid. Recently gratings have been reported with an accuracy 
of about 2 nm (3 σ) over large areas [18] and the extension to two dimensions is 
straightforward. 
For both conventional coordinate measuring systems and grid based metrology 
systems the coefficient of thermal expansion of the substrate should be as low and as 
well known as possible. In a coordinate measuring system the thermal error is 
proportional to the sum of the temperature errors at the patterning tool and at the 
measuring tool. Similarly, for a grid base system, the thermal error is proportional to 
the sum of the temperature errors at the patterning tool and at the tool where the grid 
is fabricated. Since the later is likely to be controlled to extraordinary accuracy - 
±0.007 oC has been reported [19] - thermal errors in a grid based system are likely to 
be smaller than those in a conventional coordinate measuring system. The averaged 
thermal error was about 15 µm at a measured length of 404 mm for a laser digitizer 
equipped coordinator measuring machine [30].   
2) As shown here the position of a 1.1 µm grating can be determined to 0.18 nm. To 
maintain this high accuracy over extended distances it is only necessary for the 
measurement system to keep track of which grating line is at the center of the 
field of view. The ability to do this has also been demonstrated.  
3) Measurement of position of the pattern under test. The accuracy of measurement 
of the centroid of a feature by an optical microscope would be the same in a 
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coordinate measuring system or a grid based system. However, optimal 
performance would be expected for an immersion system using blue illumination, 
as proposed here. In addition, test features, such as gratings, in the pattern under 
test could be located to far better accuracy, as described above. 
                        
Figure 10.1 Image placement measurement by printing a pattern over an accurate grid. 
The levels are separated, and features within the pattern are located with respect to the 
grid. Reprinted with permission from L. Jiang and M. Feldman, "Technique for 
Separately Viewing Multiple Levels," J.   Vac. Sci. Technol. B 22(6), Nov/Dec 2004 pp. 
3405-3408. Copyright 2004, AVS The Science & Technology Society. 
 
 
10.1 Sample Fabrication 
Samples were prepared in which 1.5 µm thick poly(methylmethacrylate) 
(PMMA) resist was spun coated from a toluene solvent over 20 nm thick evaporated 
aluminum layers. The aluminum was deposited on the back side of a 1.1 um period 
holographic transmission phase grating with a transparent 70um thick substrate (Fig. 
10.2). The toluene solution also contained a CoumarinTM dye that strongly absorbed blue 
light but was transparent to red light. The transparent wafers were patterned using X-ray 
lithography at Louisiana State University’s Center for Advanced Microstructures and 
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Devices (CAMD). Three different x-ray masks [31] were used including a blank one for 
exposure dose evaluation. The first patterned mask (Mask A) had groups of lines with 
0.25 µm minimum feature size (Fig. 10.3) and the second patterned mask (Mask B) had 
groups of lines with 0.5 µm minimum feature size (0.25 µm step increase, up to 2.5 µm). 
Exposure doses were calculated with dose calculation software and tested on PMMA 
(clear as well as dyed) coated silicon wafers. Finally, the optimal doses (200, 400, 800  
mJ/cm^2) were used. 
                 
 
Figure 10.2 Lateral view of the immersion microscope, showing the dyed resist patterned 
over the diffraction grating.  
 
                        
Figure 10.3 Partial image of Mask A. 
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Dyed PMMA 
Resist 
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Dyed PMMA resist was patterned on thin aluminum coated glass wafers as well 
as directly on the back side of phase gratings. The glass wafers were placed on top of the 
gratings to minimize damage to them. This alternative substrate makes it feasible to reuse 
the grating many times (Fig. 10.4). It is particularly important when the cost of an 
accurate grating is considerable. In addition, patterning on the glass wafer allows fine 
adjustment of alignment between pattern and gratings under microscope. However, it is 
essential that the wafer does not move with respect to the grating during the measurement 
and they should be in intimate thermal contact. 
 
                     
 
 
Figure 10.4 The same grating may be reused for another pattern measurement if the 
patterns are on aluminum coated glass wafers.  
Dyed PMMA 
pattern 
Thin Aluminum 
Grating sheet
Grating sheet
Glass wafer
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10.2 Results 
Experiments were performed with a HeNe laser beam (wavelength = 0.633 µm) 
and a red solid state laser beam (wavelength = 0.65 µm) incident perpendicularly to the 
bottom side of the grating. The dyed resist was highly visible when viewed in reflected 
blue light in an oil immersion microscope (Fig. 10.5a). However, the grating could not be 
seen, both because the aluminum layer reflected most of the incident light and because 
the grating was far out of focus. On the other hand, in transmitted red laser light the 
grating was highly visible (Fig. 10.5b) even though the focus has not been adjusted. This 
was because the Talbot effect (Chapter 6.2.1) produced multiple images of the grating, 
and one such image was in focus. However, the resist pattern was not seen, because the 
resist was transparent to red light and the immersion oil matched its index of refraction. 
The disadvantage of using a single coherent laser light source is that the image is 
cluttered with diffractive artifacts; however even in this worst case by averaging over 
pixels a smooth representation of the video signal from the grating was obtained (Chapter 
7) 
10.3 Measuring Feature Position within the Video Field of View 
 
10.3.1 Measuring Features with Respect to a Specific Grating Line 
 
 As described above, the microscope was equipped with a video camera and a 
frame grabber was used to capture video images of the grating. The grating was oriented 
vertically as described in chapter 7. An average video signal was then computed for the 
grating by a process of averaging, filtering and normalization. This signal was fit to a sine 
wave of known period. The phase of the sine wave was an extremely accurate measure of 
the location of the grating. The captured frame of the top level was then used to locate a 
feature in that level. In one preliminary experiment, by computing the relative position of 
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Figure 10.5 (a) Image of dyed PMMA resist.  (b) Image of grating, showing numerous 
diffractive artifacts superimposed over the narrow vertical grating lines.  
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the edge of the feature to the phase of the grating within one period, the averaged resist 
edge was located 479 ± 15 nm from an edge of a grating line (Fig. 10.6). It is expected 
that specially designed alignment features, e.g., short gratings, would be located much 
better.  These features would then be located with respect to a grating line using the phase 
information that has been extracted. 
                     
 
Figure 10.6 (a) Averaged video trace across the resist and (b) averaged video trace of part 
of the grating.  
 
10.3.2 Measurement of Distance between Features 
 
10.3.2.1 Experiments 
The dyed PMMA resist appeared relatively dark when viewed either in reflected 
blue or collimated white light (Fig. 10.7a).  
10.3.2.2 Data Analysis 
 
The narrow positive peaks in Fig. 10.8a correspond to approximately 1µm wide 
gaps between lines in the PMMA resist. Their locations were measured by selecting a 
threshold (a certain percentage of the maximum intensity value) and computing the 
centroid of the area in each peak above that threshold. Fig. 10.8c shows the distance, in  
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Figure 10.7 (a) Image of the dyed resist captured in reflected white light (2000x). (b) 
Image of the grating captured in transmitted red laser light (2000x). Only the illumination 
was changed between the images in (a) and (b). The horizontal “lines” are an unrelated 
interference artifact. Reprinted with permission from L. Jiang and M. Feldman, "Portable 
Coordinate Measuring Tool," J. Vac. Sci. Technol. B 23(6), Nov/Dec 2005 pp. 3056-
3060. Copyright 2005, AVS The Science & Technology Society.   
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nm, between the location of those centroids and the nearest multiple of 2π in a sine wave 
fitted to the video signal in Fig. 10.8b. The peaks were slightly non-symmetrical, and the 
centroid locations varied by a few nm as the threshold was changed (Table 10.1). 
However, the variation was almost exactly the same for both peaks, and their separation 
was measured as 9967 nm, with a precision of 0.38 nm (1 σ). The measurement accuracy 
was limited by the accuracy of the nominally 1.1 µm grating, and was consistent with a 
design value of 10 µm separation between the peaks. 
The image of the grating was processed and the phase was calculated by fitting to 
an ideal sine wave (refer to Chapter 7). The method used was both robust and sensitive, 
and the location of the grating was readily measured to less than 1 nm, even in the 
presence of numerous diffractive artifacts (Fig. 10.8d). For this reason additional gratings 
would make ideal fiducial marks in the patterned resist. 
10.3.3 Substrate 
The grating and the pattern are on the same substrate. This insures that the pattern 
and the grating are in focus simultaneously, but requires disposable (or reusable) 
substrates containing the accurate gratings. These substrates may be expensive. In 
addition, the surface of the grating may not be flat, especially if it is a phase grating, and 
patterning directly on it may be difficult. 
Alternatively, the grating and the pattern may be on different substrates in close 
contact with each other. This makes it easier to reuse gratings, since the previous pattern 
need not be removed. However wear due to the hard contact may cause the gratings to 
deteriorate.  
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Table 10.1 Feature locations were measured by selecting a threshold of intensity value 
and computing the centroid of the area in each peak above that threshold. Distance 
between features and errors were calculated.  
 
Threshold- 
percentage of the 
maximum intensity 
(%) 
 
Peak 1 centroid 
(pixel number) 
Peak 2 
centroid 
(pixel 
number) 
Displacement 
(pixels) 
Displacement 
(nm) 
40 329.013 446.803 117.790 9966.41 
35 329.019 446.827 117.808 9967.88 
30 329.059 446.842 117.783 9965.80 
25 329.054 446.853 117.799 9967.18 
20 329.081 446.867 117.786 9966.12 
Average 
displacement 
=9966.68 nm 
Standard 
deviation = 
0.84 nm 
Displacement: 
 
9966.68 ± 0.38 nm (error) 
 
(Each period =13.00 pixels =1100 nm) 
Error = 0.38 
nm 
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Figure 10.8 (a) Averaged video scan line for a portion of the image of the dyed resist in 
Fig. 10.8a. The full image is 640 pixels wide. (b) Processed (averaged-filtered-
normalized) video scan line for a portion of the image of the grating in Fig. 10.8b. (c) 
Location of the narrow positive peaks in (a) as a function of the threshold used to 
compute the centroid of each peak. The top two curves are the positions of the left and 
right hand peaks with respect to the nearest multiple of 2π in the fitted sine wave. The 
bottom curve shows their separation. Note that there are three vertical scales. (d)  
Sensitivity of the fit of (b) to the phase of the sine wave. Reprinted with permission from 
L. Jiang and M. Feldman, "Portable Coordinate Measuring Tool," J. Vac. Sci. Technol. B 
23(6), Nov/Dec 2005 pp. 3056-3060. Copyright 2005, AVS The Science & Technology 
Society.   
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10.3.4 Discussion 
Several sources of error contribute to the accuracy of this method. 
(1) Location of patterned features within the video field 
The system uses an immersion microscope to view the pattern in blue light. Even without 
special targets, e.g., gratings, and with minimal image processing, the error in the 
separation of identical patterns was less than one nanometer. 
(2) Location of the grating within the video field 
Locating the grating is equivalent to finding the phase of the matching sine wave (refer to 
Chapter 7). This was easily determined to well below 1 nm (Fig. 10.8d). In this 
experiment, within a single field, phase errors in the grating are correlated and cancel; for 
widely separated features viewed in different fields the errors would be uncorrelated. In 
addition, if the grating illumination is non-perpendicular, or off the Littrow angle in the 
case of oblique illumination, by an angle φ, then the fringes will not be vertical. If the 
pattern to diffraction grating distance varies across the wafer by a distance, ε, then the 
grating will appear to shift with respect to the pattern by an amount, δ = φε. For φ = 1 mr 
and  ε = 1 µm this leads to an error δ = 1 nm. 
(3) Errors in the grating 
Recently gratings have been fabricated with long range errors less than 2 nm, 3σ, and the 
prospect is that even more accurate gratings will be made in the future.  
(4) Thermal expansion of the wafer and the grating 
The wafer and the grating may be on separate substrates, as reported here, or the wafer 
may be patterned on a test substrate that has previously been patterned with the grating. If 
the wafer and the grating are on separate substrates, the coefficients of thermal expansion 
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of the wafer, Cw, and the grating, Cg, should be small and nearly equal. In addition, the 
temperature at which the wafer is patterned, Tw, should be close to the temperature at 
which the grating was patterned, Tg. During measurement, intimate thermal contact 
should be obtained between the wafer and the grating, so that they both approach a 
constant temperature To. The fractional error in length, dL/L, is then 
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Although it is desirable for the wafer and grating to be patterned at the same 
temperature, the wafer need not necessarily be measured at that temperature. 
Alternatively, if the wafer and the grating are on the same substrate, Cg is the 
same as Cw and only the bottom line in Eq. (17) applies. In this case temperature control 
is important during the fabrication of the test wafer, but is irrelevant during its 
measurement. All of the coordinate information resides on the wafer, and does not 
require either a clean or a temperature controlled environment to be read. The coordinate 
measurement tool is portable, in the sense that measurements can be made virtually 
anywhere [12].  
(5) Chromatic aberration of the microscope 
All measurements should be made in the same location of the field of view. But the 
features and gratings can not be put in the same place for up to half the pitch of the 
gratings. The magnification error is about 200 nm across the field of view, which is 53µm 
with a 100x objective. If no correction is made within the half pitch distance, e.g. 
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0.55µm, the error will be approximately 2nm. If the features are measured in exactly the 
same location of the field of view, the errors from distortion of the optics and camera are 
completely cancelled.  
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 CHAPTER 11 CONCLUSION 
          By fitting an accurate grating, and a few other components, on a conventional 
microscope, a portable coordinate tool can be developed to meet increasingly critical 
needs in the integrated circuit fabrication industry. It is not only far less costly; it is also 
likely to be more accurate since gratings have already been demonstrated with 2 nm 
accuracy over extended areas. Finally, it will be easier to use since conventional 
coordinate measuring tools require tight thermal and humidity control to maintain their 
accuracy – all that has already been built in to the accurate grating.  A related technique 
has also been demonstrated to extend the performance of optical encoders to the sub-
nanometer range, in principle making them competitive with interferometers. 
           The system is limited by the accuracy of available gratings, and is readily 
upgraded by the substitution of more accurate gratings. In the measurement of overlay 
and image placement, the separated levels may be simultaneously viewed with a color 
video system, for example on blue and red channels. This would be an advantage to avoid 
external disturbances, which could shift the images if one frame is captured after the 
other or if a high throughput is desired.  
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APPENDIX A COMPENSATION OF OPTICAL PATH DIFFERENCE 
Experiments were also performed using solid state lasers with thick fine pitched 
gratings (d=0.56 µm) crossed at 90° to obtain 2-dimensional diffraction patterns. The 
gratings were 6mm thick, 1800 grooves/mm, and were used to diffract visible 
wavelength. The Littrow angle θ L  was found to be approximately 36°, in agreement with 
the computation (Table 6.1). 
Since each 0.56µm grating was 6mm thick, the diffracted two coherent beams 
should interfere at a 6mm distance from the grating surface.  The geometry requires the 
two beams to be 4 mm apart, resulting in a 3 mm difference in the optical paths (Fig. A1). 
This exceeds the coherence length of typical solid state lasers (≈ 1mm). One method of 
compensating the difference is shown in Fig. A2. The method is independent of the index 
of refraction of the glass, about 1.55. In Fig. A1, the intensity of the 0 order beam is 
about 20 times that of the -1 order. After correction of the optical path difference, two 
incident beams are not only in coherence, but also have about the same intensity because 
the intensity of the 0 order beam is weakened by reflection from the optical flat.   
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Figure A1 Two 0.56µm period, 6mm thick diffraction gratings face each other aligned 
90˚ to each other. Two oblique beams, 4mm apart, incident at the Littrow angle from the 
back side of one grating interfere at the back side of the other. One optical path is 3 mm 
longer than the other.  
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Figure A2 Correction of the optical path difference. The separation between the beams is 
4 mm, between the optical flat and the mirror is 2.5mm. The optical path difference 
between the beams is 3 mm, as required. Multiple reflections, not shown in the figure, 
produce additional beams which are readily blocked by stops. 
 
 
 
 
 
Optical flat 
Mirror
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APPENDIX B THE METHOD USED TO GENERATE THE EQUATION OF A 
POSITION DEPENDENT, PHASE VARIED SINE WAVE 
 
The image frame was evenly divided into five parts, 120 columns per group, from 
left to right and the best-fit phase value y for each part was computed, known as 
54321 ,,,, yyyyy . Find a 4
th order polynomial curve 432 exdxcxbxay ++++= , which 
fits the phase values of the five parts best. The variable x of the polynomial is the column 
number and the function value y is the corresponding phase value in radian.   
An example of the Excel computation of the coefficient edcba ,,,,  is shown on 
Table B1. Column A marks the row number in the Excel data sheet. C, D, E, and F mark 
the columns, e.g., F21 means the value in the cell where column F meets row 21. 
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Table B1 Computation of the coefficient edcba ,,,,  of a 4th order polynomial 
curve 432 exdxcxbxay ++++= , which fits the phase values of the image plane from 
left to right.  
 
A B C D E F 
1 432 exdxcxbxay ++++=     
2 
center 
column 
number x  2x  3x  4x  
function 
value y  
3 =1x 81 6561 531441 43046721 
=1y -
0.2251 
4 =2x 201 40401 8120601 1632240801 =2y 0.2845
5 =3x 321 103041 33076161 10617447681 =3y 0.5149
6 =4x 441 194481 85766121 37822859361 =4y 0.3543
7 =5x 561 314721 176558481 99049307841 =5y 1.3631
8 The difference between each of the above two neighboring rows 
9 120 33840 7589160 1589194080 0.5096
10 120 62640 24955560 8985206880 0.2304
11 120 91440 52689960 27205411680 -0.1606
12 120 120240 90792360 61226448480 1.0088
13 The difference between each two of the above  neighboring rows 
14 0 28800 17366400 7396012800 -0.2792
15 0 28800 27734400 18220204800 -0.391
16 0 28800 38102400 34021036800 1.1694
17 The difference between each of the above two neighboring rows 
18 0 0 10368000 10824192000 -0.1118
19 0 0 10368000 15800832000 1.5604
20 The difference between each of the above two neighboring rows 
21 0 0 0 4976640000 1.6722
22      
23 =e  F21/E21 = 3.36E-10
24 =d  (F18-E18*F23)/D18 = -3.62E-07
25 =c  (F14-D14*F24-E14*F23)/C14 = 0.000122
26 =b  (F9-C9*F25-D9*F24-E9*F23)/B9 = -0.0118
27 =a  F3-B3*F26-C3*F25-D3*F24-E3*F23 = 0.104
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APPENDIX C MATLAB PROGRAM CODE EXAMPLES 
 
(1) This program finds the phase of the whole grating image (the basic curve fitter 
program) 
First, the program reads the pixel intensity value (640x480) from an image and 
averages the values over columns. The plot of the modified data approximates a sine 
wave. Then the program generates an ideal sine wave and varies the period and phase to 
fit the data. The output of the program is the period and phase of the fitting sine wave to 
0.1 degree accuracy. This program minimizes the standard deviation of the residual of the 
ideal sine wave and the data.  
RGB = imread('image1.tif'); 
samples=[ ]; 
for c=1:640 
    pixels=0; 
    for r=1:480 
        intensity = impixel(RGB,c,r); 
        pixels = pixels+intensity(1); 
    end 
    samples = [samples;pixels/480]; 
 
end 
numbers=samples 
 
 
s1=std(samples); 
amplitude=1.414213562*s1 
 
 
begin_period = 100*pi/180 ; 
end_period = 120*pi/180 ; 
period_increment = 0.1*(pi/180); 
begin_phase = -180*pi/180; 
end_phase = 180*pi/180; 
phase_increment = 0.1*pi/180; 
 
results=[ ]; 
for Per = begin_period :period_increment: end_period 
    for Pha = begin_phase:phase_increment:end_phase 
        t=[0:639]'; 
 105
        control = amplitude*sin(Per*t+Pha); 
        difference=samples-control; 
        s=std(difference); 
        temp = [s;Per;Pha]; 
        results = [results,temp]; 
    end 
end 
 
[s,index] = min(results(1,:)) 
Per = results(2,index) 
Pha = results(3,index) 
 
(2) This program finds the tilting angle and distortion in the vertical direction. The 
program divides the frame into 4 parts from top to bottom and gives the averaged value 
over columns for each part.  
RGB = imread('white2_b.tif'); 
samples=[ ]; 
for c=1:640 
    pixels=0; 
    for r=1:120 
        intensity = impixel(RGB,c,r); 
        pixels = pixels+intensity(1); 
    end 
    samples = [samples;pixels/120]; 
 
end 
numbers=samples 
 
 
RGB = imread('white2_b.tif'); 
samples=[ ]; 
for c=1:640 
    pixels=0; 
    for r=121:240 
        intensity = impixel(RGB,c,r); 
        pixels = pixels+intensity(1); 
    end 
    samples = [samples;pixels/120]; 
 
end 
numbers=samples 
 
 
RGB = imread('white2_b.tif'); 
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samples=[ ]; 
for c=1:640 
    pixels=0; 
    for r=241:360 
        intensity = impixel(RGB,c,r); 
        pixels = pixels+intensity(1); 
    end 
    samples = [samples;pixels/120]; 
 
end 
numbers=samples 
 
 
RGB = imread('white2_b.tif'); 
samples=[ ]; 
for c=1:640 
    pixels=0; 
    for r=361:480 
        intensity = impixel(RGB,c,r); 
        pixels = pixels+intensity(1); 
    end 
    samples = [samples;pixels/120]; 
 
end 
numbers=samples 
 
(3) This program finds the accuracy of locating the fringe pattern. . The program 
divides the frame into 4 interlaced subsets, each consisting of every 4th of scan line. The 
output of the program gives the averaged values over columns of each subset. Then the 
output data are smoothed by Excel and fed back to MATLAB phase fitting program 
(example 4.) 
RGB = imread('Blue_b.tif'); 
samples=[ ]; 
for c=1:640 
    pixels=0; 
    for r=1:4:477 
        intensity = impixel(RGB,c,r); 
        pixels = pixels+intensity(1); 
    end 
    samples = [samples;pixels/120]; 
 
end 
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numbers=samples 
 
 
RGB = imread('Blue_b.tif'); 
samples=[ ]; 
for c=1:640 
    pixels=0; 
    for r=2:4:478 
        intensity = impixel(RGB,c,r); 
        pixels = pixels+intensity(1); 
    end 
    samples = [samples;pixels/120]; 
 
end 
numbers=samples 
 
 
RGB = imread('Blue_b.tif'); 
samples=[ ]; 
for c=1:640 
    pixels=0; 
    for r=3:4:479 
        intensity = impixel(RGB,c,r); 
        pixels = pixels+intensity(1); 
    end 
    samples = [samples;pixels/120]; 
 
end 
numbers=samples 
 
 
RGB = imread('Blue_b.tif'); 
samples=[ ]; 
for c=1:640 
    pixels=0; 
    for r=4:4:480 
        intensity = impixel(RGB,c,r); 
        pixels = pixels+intensity(1); 
    end 
    samples = [samples;pixels/120]; 
 
end 
numbers=samples 
 
(4) Imports data and finds the phase of the grating 
 108
The program provides an interface between MATLAB and other data sources. 
The program reads processed (smoothed and normalized by Excel) pixel intensity value 
from a text file. Then the program generates an ideal sinusoidal wave with fixed period 
and adjustable phase to fit the data. The program gives the result of the best fitting phase 
values at 0.1 degree accuracy. Note that in this program example, this ideal sine wave 
only fits to part of the frame (column 281 to 480) with best fitting at the center of the 
frame (column 320).  
fid = fopen('importing data.txt'); 
A = fscanf(fid,'%f'); 
 
begin_phase = -180*pi/180; 
end_phase = 180*pi/180; 
phase_increment = 0.1*pi/180; 
 
results=[ ]; 
for Pha = begin_phase:phase_increment:end_phase 
        t=[281:480]'; 
        control = sin(0.4833*(t-320)+Pha); 
        difference=A-control; 
        s=std(difference); 
        temp = [s;Pha]; 
        results = [results,temp]; 
    end 
 
[s,index] = min(results(1,:)) 
Pha = results(2,index) 
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APPENDIX D THE CALCULATIONS OF s/wo AND THE DEPTH OF 
FOCUS. 
 
Table D1 The calculations of s/wo, w, and depth of focus, where NA=0.55 and R = 2.634 
mm. 
 
 NA arc sin tan f R 
 0.55 33.4 0.66 4 mm 2.634mm 
      
 wο (microns) 
s (for1 
micron) s/wo w
depth of focus 
(microns) 
      
      
1 16.114 1.292 0.08 0.05 2024.96 
3 5.371 1.242 0.23 0.15 225.00 
5 3.223 1.192 0.37 0.25 81.00 
7 2.302 1.142 0.5 0.35 41.33 
9 1.790 1.092 0.61 0.45 25.00 
11 1.465 1.042 0.71 0.55 16.74 
13 1.240 0.992 0.8 0.65 11.98 
15 1.074 0.942 0.88 0.75 9.00 
17 0.948 0.892 0.94 0.85 7.01 
19 0.848 0.842 0.99 0.95 5.61 
21 0.767 0.792 1.03 1.05 4.59 
23 0.701 0.742 1.06 1.15 3.83 
25 0.645 0.692 1.07 1.25 3.24 
27 0.597 0.642 1.08 1.35 2.78 
29 0.556 0.592 1.07 1.45 2.41 
31 0.520 0.542 1.04 1.55 2.11 
33 0.488 0.492 1.01 1.65 1.86 
35 0.460 0.442 0.96 1.75 1.65 
37 0.436 0.392 0.9 1.85 1.48 
39 0.413 0.342 0.83 1.95 1.33 
41 0.393 0.292 0.74 2.05 1.20 
43 0.375 0.242 0.65 2.15 1.10 
45 0.358 0.192 0.54 2.25 1.00 
47 0.343 0.142 0.41 2.35 0.92 
49 0.329 0.092 0.28 2.45 0.84 
51 0.316 0.042 0.13 2.55 0.78 
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